Glucocorticoids inhibit the proliferation of various cell types, but the mechanism of this inhibition remains unclear. We investigated the effect of dexamethasone on non-small cell lung cancer cell growth and cell cycle progression. We showed that dexamethasone suppresses the proliferation of A549 and Calu-1 cells, with accumulation of cells in G1/G0 stage of the cell cycle, as determined by fluorescence-activated cell sorter analysis. Western blot analysis confirmed that this is associated with hypophosphorylation of retinoblastoma protein. Using Western blot analysis and in vitro kinase assays, we found that dexamethasone results in decreased activity of CDK2 and 4, decreased levels of cyclin D, E2F, and Myc, and increased levels of the CDK inhibitor p21
Glucocorticoids are regulatory molecules that control metabolism, development, inflammation, cell growth, proliferation, and differentiation (1) (2) (3) (4) . Glucocorticoids are known to exert antiproliferative effects in a number of different tissues and cell types, including those of lymphoid, fibroblastic, and epithelial origin, resulting in G1 cell cycle arrest and/or apoptosis (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . These agents have also demonstrated potent inhibition of carcinogenesis in the skin, forestomach, and lung of rodents (14) (15) (16) (17) (18) (19) . Proposed mechanisms accounting for this growth inhibition include transcriptional repression of G1 cyclins and cyclin-dependent kinases (CDKs), and/or the transcriptional activation of CDK inhibitors (CKIs) p21 and p27 (4) . However, the glucocorticoid-signaling pathway leading to cell cycle arrest and growth inhibition remains unclear.
Glucocorticoids bind to the intracellular glucocorticoid receptor (GR), a ligand-activated transcription factor. When activated, the receptor translocates into the nucleus, and as a homodimer binds specific DNA sequences, known as glucocorticoid-response elements (GREs), through which it positively or negatively regulates transcription of target genes. More complex interactions of the activated GR occur in GR-responsive genes that contain promoters with interaction sites for both the GR and for a non-GR enhancer binding protein, or that lack a GR-binding sequence but to which the GR is tethered by an interacting protein.
The cell cycle is positively regulated by the action of a family of serine/threonine kinases known as CDKs. Different CDKs function at different times of the cell cycle, and are positively regulated through binding to regulatory subunits called cyclins, a process that is essential for CDK activity. Cyclin D 1 is essential for the regulation of CDKs 4 and 6 in G1 of the cell cycle, during which time the cell commits to undergoing another round of DNA replication and cell division. Two families of proteins (CDK inhibitors, CKIs) associate with cyclin/CDK complexes to inhibit their activity. The INK4 family consists of four members (pl5, pl6, pl8, and pl9), which specifically inhibit cyclin D/CDK4 or 6 activity, and prevent entry into S phase. The Cip/Kip family consists of three members (p21, p27, and p57), which can inhibit cyclin/CDK complexes in all phases of the cell cycle, but is particularly active in inhibiting cyclin E/CDK2 activity. The orderly progression through G1 phase requires temporally coordinated interactions between G1 cyclin-dependent kinases (CDK4/6 and CDK2) and the Rb protein substrate (20) . The abundance of cyclin D1 appears to be rate-limiting for G1 progression in several cell types (21) (22) (23) (24) .
Several different intracellular signaling pathways affect these cell cycle regulatory proteins. Mitogen-activated protein kinases (MAPKs) are members of discrete signaling pathways that regulate cellular responses to various extracellular growth or stress stimuli. One family of MAPKs, the extracellular signal-regulated kinases (ERKs), has been extensively described as a central component of signal transduction pathways stimulated by growth-related stimuli (25) . Upon phosphorylation, ERK translocates to the nucleus, where it activates a number of immediate early genes involved in proliferation, including c-fos . Sustained activation of ERK1/2 is required for cells to pass from G1 restriction point into S phase (26, 27) . This occurs, at least in part, through stimulation of the cyclin D1 promoter by activated ERK1/2 (28, 29) . Deregulation of the cell cycle is frequently associated with upregulation of the Ras/Raf/MEKl/ERK pathway in cancer cells. The ERK/MAP kinases are activated by dual phosphorylation on threonine and tyrosine by MAP kinase kinases MEK1/ 2, which in turn are activated through phosphorylation by Raf-1 (for review, see Refs. [30] [31] [32] .
In this report, we examined the role of glucocorticoids in regulating lung cancer cell growth. We looked at dexamethasone's effect on cell proliferation and cell cycle progression. We then tried to elucidate the possible mechanisms, by looking at the effects of dexamethasone on expression and activity of both the cell cycle regulatory proteins, and the MAP kinase pathways.
Materials and Methods

Cell Culture and Treatments
The lung cancer cell lines A549 and Calu-1 were obtained from the American Type Culture Collection. The glucocorticoid receptor negative osteosarcoma cell line U2OS was the kind gift of Dr. Michael Garabedian (New York University School of Medicine, New York, NY). A549 cells were grown in Ham's F12K medium; Calu-1 and U2OS cells were grown in Dulbecco's modified Eagle's medium. All were supplemented with 10% fetal bovine serum. Dexamethasone (Sigma-Aldrich, St. Louis, MO) was dissolved in 100% ethanol and used at a final concentration of 2 ϫ 10 Ϫ 7 M in culture medium. RU486 was also provided by Dr. Garabedian, and was dissolved in 100% ethanol and used at a final concentration of 2 ϫ 10 Ϫ 6 M.
Cell Proliferation Assays
A549 and Calu-1 cells were plated at 5 ϫ 10 4 cells onto 100-mm tissue culture dishes. Following an overnight incubation to allow cells to adhere, ethanol carrier or dexamethasone was directly added to the cell culture medium. Dexamethasone was used at a final concentration of 2 ϫ 10 Ϫ 7 . An equal volume of the ethanol carrier was used to treat cells as a control. Each condition was performed in triplicate. At the indicated times, cells were trypsinized, resuspended in medium, and counted using a hemacytometer. Floating cells were pelleted from the medium and resuspended with the adherent fraction of cells for cell number and viability determinations. Cell viability was determined by the trypan blue exclusion method.
Cell Cycle Analysis
Whole cell propidium iodide staining and flow cytometric analysis was performed to determine cellular DNA content. After 3 d (A549 cells) or 5 d (Calu-1 cells) of incubation with dexamethasone (2 ϫ 10 Ϫ 7 ) or ethanol carrier, aliquots of the cells were trypsinized, washed two times in phosphate-buffered saline (PBS), resuspended in PBS with 2% fetal calf serum and 70% ethanol while vortexing, and left at 4 Њ C overnight. Cells were then stained at room temperature for 2-3 h in 50 g/ml propidium iodide and 100 Kunitz U/ml RNAse A in PBS. The stained cells were measured by fluorescence-activated cell sorter (FACS) analysis (Facs Scan; Becton Dickinson) to assess DNA state. For evaluation of cell cycle, standard software was used. Gates were set to differentiate between G0/G1, S-phase, and G2-M, with apoptotic cells appearing to the left of the G0/G1 peak.
Western Blot Analysis
Whole cell lysates were prepared in lysis buffer (0.5% NP-40, 10% glycerol, 50 mM Tris-HCl pH 7.5, 0.3 mM sodium orthovanadate, 100 mM NaCl, 1 mM DTT). Protein concentrations were measured using the BioRad protein determination assay. Equal amounts of protein lysates were electrophoretically separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels, transferred to nitrocellulose membranes (Schleicher and Schuell, Inc., Burlington, VT), and immunoblotted with various primary antibodies. 
In Vitro Assay Kinase Assays for ERK and G1 Kinase Activity
The p44/42 (ERK1/2) MAPK assay was performed according to the manufacturer's (New England BioLabs) instructions, except that chemiluminescent detection was performed using ECL as described above. Briefly, monoclonal antibody to phospho-p44/42 ERK/MAP kinase was used to immunoprecipitate the active kinase from cell lysates (200 g). The immunoprecipitate was incubated for 30 min at 30 Њ C with 2 g of GST-Elk-1 (amino acids 307-428 of Elk-l) fusion protein in the presence of ATP (200 M) and 50 l 1 ϫ kinase buffer (25 mM Tris pH 7.5, 5 mM ␤ -glycerolphosphate, 2 mM DTT, 0.1 mM Na 3 VO4, and 10 mM MgCl 2 ). The kinase reaction was terminated with sample buffer. The reaction mixture was boiled for 5 min, and equal volumes of each sample were loaded onto an SDS-polyacrylamide gel. Following electrophoretic separation and transfer onto nitrocellulose, the blots were immunoblotted with phospho-Elk-1 (Ser383) antibody (1:1,000 dilution). Detection was performed using ECL, as described above.
For the CDK2 and CDK4 kinase assays, monoclonal antibodies to CDK2 or CDK4 (Santa Cruz) were used to immunopreciptate the active kinase from cell lysates (100 g), with protein A beads. After washing, the immunopreciptate was incubated for 30 min at 30 Њ C with 1 g of the appropriate substrate, in the presence of [ ␥ -32 P]ATP and kinase buffer (as above). GST-Rb769-921 (Santa Cruz) was used as substrate for CDK4, and GST-histone H1 (Santa Cruz) was used for CDK2. The reaction mixture was loaded onto an SDS-polyacrylamide gel. After the gel was dried, it was exposed to the X-ray film and developed.
Results
Dexamethasone Inhibits Lung Cancer Cell Proliferation
Glucocorticoids have antiproliferative effects; however, the molecular mechanisms of these effects are not yet well characterized. To determine whether lung cancer cells respond to glucocorticoids by growth inhibition and cell cycle arrest, human non-small cell lung cancer cell lines A549 (adenocarcinoma cells) and Calu-1 (derived from epidermoid lung carcinoma metastatic to the pleura) were treated with dexamethasone or ethanol vehicle for 6 d ( Figure 1 ). The effect of dexamethasone on cell number was not significant after 2 d of treatment. However, in the A549 cells, dexamethasone reduced cell number by 75% by Day 5. In Calu-1 cells, we found a similar though more delayed effect on cell proliferation, with significant growth suppression after 6 d of treatment. Cell viability was Ͼ 98% in all samples with each count. These observations indicate that dexamethasone exerts a marked inhibition on cell proliferation in these lung cancer cells, in agreement with glucocorticoid effects on other cell types.
To investigate further the dexamethasone-induced growth inhibition, cellular DNA content was measured by flow cytometric analysis after treatment with dexamethasone or vehicle for 3 d (A549 cells) or 5 d (Calu-1 cells) ( Figure 2 ). The percentage of A549 cells that were undergoing or had just completed DNA replication (S and G2/M phases) was 41% in control cells and 21% in dexamethasone-treated cells, with a concomitant increase in the percentage of G0/ G1 population of cells from 59% to 79%. Similarly, the percentages of control and treated Calu-1 cells in S and G2/M phases were 66% and 47%, respectively, and were accompanied by a rise in G0/G1 cells from 34% to 53%. Ϫ7 M dexamethasone (closed circles). Adherent and nonadherent cells were collected on Days 2, 4, and 6, and cell counts were determined using a hemacytometer. Cell viability (Ͼ 98%) was determined by the trypan blue exclusion method. Each point represents the mean of triplicate samples with a calculated standard error of the mean. Dexamethasone inhibited cell growth of both A549 (A) and Calu-1 (B) cells. These findings demonstrated that dexamethasone inhibits lung cancer cell proliferation by causing an accumulation of cells with a G1 content of DNA.
Dexamethasone Inhibits Rb Phosphorylation G1 to S cell cycle progression is mediated by the inactivation of Rb protein through phosphorylation by G1 kinases. We investigated the role of Rb and the mechanism by which dexamethasone induced a G1 accumulation of lung cancer cells. A549 and Calu-1 cells were cultured in the presence or absence of dexamethasone. Cell lysates at various time points from 1 h to 4 d were subjected to immunoblot analysis for Rb. The phosphorylation state of Rb was assessed by its mobility in SDS polyacrylamide gel electrophoresis. The hypophosphorylated inhibitory form of Rb, which migrates faster than the hyperphosphorylated inactivated form of Rb, was the predominant Rb form resulting from dexamethasone treatment (Figure 3) . The kinetics of this effect correlated with the effect on cell growth, occurring beginning at Day 1-2 in A549 cells and Day 4 in Calu-1 calls.
Dexamethasone Regulation of G1 Kinases
Because the activated GR is a transcription regulator, we sought to identify possible targets among the cell cycle regulatory proteins. Functional inactivation (phosphorylation) of retinoblastoma protein allows cell cycle progression from G1 to S. This inactivation requires sequential modification by at least two distinct cyclin/CDK complexes (20) . Cyclin D1 working with CDK4/6 phosphorylates Rb only partially. The complete phosphorylation of Rb is achieved by cyclin E/CDK2 complexes (20) . Because dexamethasone treatment resulted in accumulation of our cells in G1, we predicted that dexamethasone would block G1 kinase activity, either directly or indirectly. We measured the activity of CDK2 and 4 by an in vitro kinase assay. A549 and Calu1 cells were cultured in the presence or absence of dexamethasone for the indicated times. CDK4 and CDK2 immunoprecipitates were isolated and assayed for in vitro kinase activity, using Rb and Histone as substrates. Dexamethasone significantly blocked the activities of both CDK4 and CDK2 kinases in both cell lines, beginning at Day 1 in A549 cells and Day 3-4 in Calu-1 cells (Figure 4) .
We hypothesized that the glucocorticoid-induced inhibition of G1 kinase activity could be a consequence of a downregulation of the regulatory or catalytic subunits of the G1 kinase complexes (i.e., cyclin D1 and CDK4/6, or cyclin E and CDK2). Therefore, we assayed level of cyclins D1 and E, and G1 CDKs in extracts of control and glucocorticoid-treated A549 or Calu-1 cells. Although the protein expression levels of cyclin E and CDKs 2, 4, and 6 did not change with dexamethasone treatment, dexamethasone downregulated the expression of cyclin D1 in both cell lines ( Figure 5 ). This effect was not significant until Day 1 in A549 cells and Day 3-4 in Calu-1 cells. These findings are consistent with the possibility that the G1 accumulation of glucocorticoid-treated lung cancer cells is a result of repression of cyclin D1 expression.
Dexamethasone Effects on Other Cell Cycle Regulatory Proteins
The antiproliferative effects of glucocorticoids could be mediated by several mechanisms. Dexamethasone could not only repress the expression or activity of gene products necessary for the G1 to S phase transition, such as the cyclins and CDKs, but it could also induce the expression of growth inhibitory molecules, such as the CKIs p21
Cip1 and p27 Kip1 . We analyzed the expression of these putative targets in response to dexamethasone treatment. Dexamethasone strongly induced the expression of p21
Cip1 in both A549 and Calu-1 cell lines. P27
Kip1 was induced to a lesser extent. We also observed that c-Myc and E2F levels are downregulated by dexamethasone and may represent associated mechanisms of cell cycle inhibition ( Figure 5 ).
Dexamethasone Inhibits the ERK/MAPK Pathway
Regulation of the cell cycle normally occurs through various intracellular signaling pathways. Glucocorticoids could be exerting their growth-inhibitory effects by regulating one of the pathways upstream of the cell cycle. The MAPK pathways are critical for cell proliferation; they may also serve as potential targets for the effects of glucocorticoids. Sustained activation of ERK1/2 is required for cells to pass the G1 restriction point and enter S phase. This occurs, at . G1 cyclin kinase activity is suppressed by dexamethasone. Dexamethasone suppresses CDK2 and CDK4 activity. Cells were treated with dexamethasone (2 ϫ 10 -7 M), or vehicle for the indicated times. Whole cell extracts were prepared and immunoprecipitates of CDK4 and CDK2 were isolated for in vitro kinase assays using GST-Rb769-921 (for CDK4) and GSThistone H1 (for CDK2) as substrates. least in part, through the positive regulation of cyclin D1 expression by activated ERK1/2 (28, 29) .
To determine whether glucocorticoids may regulate lung cancer cell growth and cell cycle progression through this more indirect method, we decided to examine the effect of glucocorticoids on the expression of the activated (phosphorylated) forms of the MAPKs ERK, JNK, and p38 in asynchronously growing A549 and Calu-1 cells. In general, the activity of these MAPKs is regulated not by levels of protein expression, but by phosphorylation state. Cells were treated with dexamethasone or carrier (100% ethanol) for various times (1-72 h). Both cell lines displayed constitutive and persistent expression of phospho-ERKl/2 as determined with phospho-specific antibodies to ERK1/2 in immunoblot analysis. Dexamethasone suppressed the phosphorylation of ERK1/2 in both A549 and Calu-1 cells (Figure 6A) . Total ERK1/2 expression was not affected by dexamethasone treatment. In contrast, dexamethasone did not alter the phosphorylation state of JNK or p38 over this time course.
Because A549 cells express oncogenic K-Ras (mutant codon 12, gly → ser) (33) and have constitutive activation of the Ras/Raf/ERK pathway, these cells served as our model to study further dexamethasone-induced regulation of MAPK activity and its effects on cell proliferation. To confirm that the presence of phosphorylated ERK1/2 was associated with ERK activity, and to determine the kinetics of dexamethasone's effects, we performed in vitro assays of ERK activity using a GST-Elk-1 fusion protein as substrate. ERK activity in untreated A549 cells increased over 72 h ( Figure 6B ). Dexamethasone suppressed the ERK1/2 in vitro phosphorylation of the GST-Elk-1 fusion protein as early as 6 h after treatment. Densitometric analysis revealed that ERK activity was suppressed by Ͼ 90% at 24, 48, and 72 h of dexamethasone treatment. These observations indicate that dexamethasone inhibition of ERK activity precedes changes in cellular DNA content and cell number, and preceded inhibition of G1 kinases.
To determine whether dexamethasone directly inhibited ERK1/2 or upstream components of the ERK pathway, we examined the effect of dexamethasone on the phosphorylation of Raf-1 and MEK1/2. For both MEK1/2 and Raf-1, specific phosphorylation correlates with kinase activity. Dexamethasone (2 ϫ 10 Ϫ 7 M) suppressed the phosphorylation of MEK1/2 with a time course similar to its effect on ERK1/2. Again there was no effect on total MEK 1/2 expression. In contrast, when we tested the lysates for the effect of dexamethasone on Raf-1 phosphorylation at a site (serine 259) required for binding to 14-3-3 proteins, which are critical for Raf-1 activity (34), we observed abundant expression of phospho-Raf and no change in its phosphorylation with treatment ( Figure 6C ), nor did dexamethasone affect the total expression of Raf-1. Our findings demonstrate that Raf is constitutively phosphorylated at this site.
ERK activity is regulated through dephosphorylation by MAPK phosphatases (MKPs). We examined whether dexamethasone increased expression of dual specificity phosphatases MKP-1 and MKP-2, which are known to inhibit ERK activity. In untreated A549 cells MKP1 protein was expressed, and levels began to decrease somewhat by 24 h. In the presence of dexamethasone, the reduction of MKP-1 expression starting at 24 h was no longer present, and levels remained high throughout the course of the experiment. The changes in MKP-1, though not striking, were reproducible, and correlated with the changes in ERK activity ( Figure 6C ). MKP-2 expression was abundant in untreated cells, was unchanged over time, and was not affected by dexamethasone. Thus, dexamethasone suppression of ERK activity is associated with sustained MKP-1 expression.
Taken together, our findings suggest that both MEK1/2 and ERK1/2 are targets for inactivation by dexamethasone in a pathway that bypasses Raf activation, and may involve sustained MKP1 expression.
The GR Mediates Dexamethasone's Effects on Cell Growth, ERK, and the Cell Cycle Regulatory Proteins
We determined that the GR mediates the effects of dexamethasone on the G1 kinases, ERK, and cyclin D1. We Figure 5 . Expression of cell cycle regulatory proteins in response to dexamethasone. A549 and Calu-1 cells were cultured in the absence (Ϫ) or presence (ϩ) of 2 ϫ 10 Ϫ7 M dexamethasone for 1-5 d and whole cell lysates were prepared. After adjusting for total protein concentration, the proteins were resolved on SDS-10% PAGE and transferred to nitrocellulose. The blots were probed with antibodies directed against cyclin D1, cyclin E, CDK4, CDK6, CDK2, p21WAF1/CIP1, p27KIP1, c-Myc, E2F, and ERKl/2. The blots shown are at the 4-d time point for both cell lines. Dexamethasone treatment resulted in decreased cyclin D1, c-Myc, and E2F1, and increased p21 and p27. There was no change in the levels of CDK2, CDK4, CD6 or cyclin E. The ERK blot demonstrates equal protein loading.
determined that GR was present in these cell lines by Western blot analysis of whole cell lysates, using antibody to the glucocorticoid receptor ( Figure 7A ). The human osteosarcoma cell line U20S has no endogenous expression of the GR, and served as a negative control.
We then asked whether RU486, which competes with dexamethasone for the ligand-binding domain of the GR, would block the various effects of dexamethasone. We treated A549 cells for 24 h with dexamethasone (2 ϫ 10 Ϫ 7 M) in the absence or presence of RU486 (2 ϫ l0 Ϫ 6 M). As described above, for each condition, we performed in vitro kinase assays for ERK and Rb kinase activity, and measured expression of phosphorylated ERK and cyclin D1. RU486 blocked the suppressive effect of dexamethasone on ERK, CDK4, and CDK2 kinase activities. In agreement with this finding, RU486 also blocked the dephosphorylation of phospho-ERK1/2 and the suppression of cyclin D1 expression. (Figure 7B ) Thus, our findings demonstrate that dexamethasone inhibition of ERK and Rb kinase activity is dependent on the glucocorticoid receptor, and is associated with repression of cyclin D1 expression, and G1 cell cycle arrest.
Discussion
In this study, we set out to investigate the mechanisms of glucocorticoids' effect on the proliferation of non-small cell lung cancer cells. Glucocorticoids inhibit the mitogenstimulated proliferation of a variety of cells, including fibroblasts (7), mast cells (8), and lymphoid cells (5) . They also inhibit cell proliferation of breast (10), cervical (35), liver (11) , and lymphoid neoplasias (36) , and are associated with an accumulation of cells in the G1 phase of the cell cycle. The role of glucocorticoids in lung epithelial cell proliferation remains unclear. Hydrocortisone is an important growth factor when combined with insulin, EGF, and phosphoethanolamine in cultures of normal bronchial epithelial cells (37) . Yet dexamethasone suppresses proliferation of cell lines derived from human lung cancers, and immortalized rat lung alveolar epithelial cells (6, 38) .
We have demonstrated that dexamethasone is capable of suppressing lung cancer cell proliferation, in agreement with these earlier observations, and does so without causing cell death. We showed that cells accumulate in G0/G1 of the cell cycle, and this is associated with hypophosphorylation of Rb protein.
There may be multiple mechanisms contributing to this cell cycle inhibition and growth arrest. Glucocorticoids inhibit the expression of cyclin D1 in airway smooth muscle cells (39) , and cyclin D3, CDK4/6, cyclin E, and its partner CDK2 in lymphoid cells (5, 40, 41) , with a corresponding inhibition of Rb phosphorylation. Glucocorticoid inhibition of rodent fibroblast and lung alveolar epithelial cell proliferation at G1 does not involve downregulation of G1 cyclins and CDKs, but instead, induction of the cell cycle inhibitor p21
Cip1 (6, 7) . We have demonstrated that in A549 and Calu-1 cells, CDK 4 and CDK2 activity is markedly decreased by dexamethasone treatment. The levels of cyclin D1, c-Myc, and E2F-1 are also downregulated by dexamethasone. In contrast, p21 and, to a lesser extent, p27 expression is stimulated. The decreased cyclin D1 and marked increase in p21 Dexamethasone causes the dephosphorylation of activated ERK in A549 and Calu-1 cells but had no effect on JNK or p38 activation. The effect on Calu-1 cells was delayed compared with A549 cells. Cells were seeded onto 100-mm dishes and treated with ethanol vehicle (Ϫ) or 2 ϫ 10 -7 M dexamethasone (ϩ). Whole cell lysates were prepared at the indicated times following treatment. Western blot analysis was performed using antibodies directed to phospho-ERKl/ 2, ERK1/2, phospho-JNK, JNK, phospho-p38, and p38 as described in MATERIALS AND METHODS. (B) ERK activity is also inhibited by dexamethasone, starting at 6 h. To confirm that reduced levels of phosphorylated ERK correlated with decreased activity, and to determine the time course of this effect, we performed in vitro kinase reactions. Whole cell extracts were prepared following treatment at the indicated times and immunoprecipitated with a phospho-ERKl/2-specific monoclonal antibody. Equal amounts of the immunoprecipitates were used in kinase reaction with GST-Elk-1 as substrate. Equal amounts of the kinase reaction products were separated by SDS-PAGE, transferred to nitrocellulose, and probed with an anti-phospho-Elk-l antibody. The symbols (Ϫ) and (ϩ) indicate the absence or presence of dexamethasone treatment. Control C1 is lysate from the 72-h dexamethasone-treated cells to which 20 ng active recombinant ERK2 was added. Control C2 is 20 ng active recombinant ERK2 in lysis buffer. (C) Dexamethasone inhibits ERK and MEK, but not Raf, and may cause sustained MKP1 activation. Dexamethasone causes dephosphorylation of activated MEK1/2, but not of activated Raf-1 (rows 1-4). MKP1 levels seemed to decrease over time; this decrease was inhibited by dexamethasone. Dexamethasone had no discernable effect on MKP2 levels. Using the same lysates obtained from the experiments performed in Figures 3 and 4 , Western blot analysis was performed using anti-phospho-MEK1/2, anti-MEK1/2, anti-phospho-Raf, anti-Raf-1, anti-MKP1 and anti-MKP2 antibodies.
may explain the inhibition of CDK4 activity. Inhibition of CDK2 activity may reflect the increase in p27 levels and the decrease in c-Myc (which positively regulates cyclin E/ CDK2 activity [42] [43] [44] [45] [46] [47] ). Induction of p21 transcription by dexamethasone has previously been reported (48) (49) (50) . The GRE spans a C/EBP ␣-binding site in the p21 promoter (49) . The changes in p27 and E2F-1 may be a result of altered transcription or protein stability. Dexamethasone downregulates c-Myc at the level of transcription initiation in lymphoid cells (12, (51) (52) (53) . Negative regulation of cyclin D1 may be a new, alternative mechanism of dexamethasone-induced cell cycle inhibition.
In general, studies that examine glucocorticoid inhibition of cell proliferation have focused on the role of these cell cycle regulatory proteins in mediating growth inhibition (4, 6, 7, 41) . We now report a possible effect of glucocorticoids on events upstream of cell cycle changes. MAPK cascades drive specific cell cycle responses to extracellular stimuli. Sustained ERK activity is a potent promoter of G1 to S phase progression. It stimulates cyclin D1 promoter activity (28) and also increases transcription of c-Fos, which results in increased levels of AP1 and cell proliferation. Dexamethasone has been shown to inhibit the UV-induced activity of JNK in HeLa cells, and consequently AP-1 function (54). However, studies on the effects of glucocorticoids on ERK activity are very limited. Swiss 3T3 fibroblasts treated with glucocorticoids for 48 h demonstrate reduced ERK activation stimulated by insulinlike growth factor 1 (55) . Glucocorticoids also suppress antigen-induced ERK activation in mast cells (8) .
We found that dexamethasone selectively inhibited the activity of ERK, but not JNK or P38 in these two nonsmall cell lung cancer cell lines. And we have localized this inhibition to the level of MEK and ERK. Dephosphorylation and phosphorylation both control activity of both ERK and MEK. Important phosphatases that regulate ERK1/2 include MKP-1 and MKP-2. We demonstrated that dexamethasone may block the downregulation of MKP-1 in A549 cells. The mechanism by which MKP-1 expression is sustained in the presence of dexamethasone is unclear. Dexamethasone may increase MKP-1 protein stability.
MKP-1 is targeted for degradation by the ubiquitin-directed proteasome complex (56) . The activated GR may block steps along the ubiquitin-mediated degradation pathway. Transcriptional mechanisms by activated GR could also be involved. Were this to be a mechanism, it would likely be indirect because the effect on MKP-1 protein expression was late (12-24 h). It is likely that the inactivation of the ERK/MAPK pathway by dexamethasone may involve activation of multiple phosphatases that act downstream of Raf.
Suppression of ERK activity preceded the changes in cell cycle distribution and cyclin D1 expression. Thus, the kinetics of dexamethasone suppression of ERK activity suggest that ERK is upstream of G1 kinase regulation. There are also many possible mechanisms by which glucocorticoid-induced inhibition of the ERK/MAP kinase pathway can cause growth inhibition and cell cycle arrest. ERK inhibition is known to result in repression of cyclin D1 and c-Fos expression. Our observation that dexamethasone suppressed the expression of cyclin D1 suggested the possibility that dexamethasone might regulate cyclin D1 expression by inhibiting ERK activity. It is also possible ERK may have a more direct effect on the cell cycle by phosphorylating and thus inactivating Rb protein and/or E2F and inhibiting cell cycle progression. It has been shown that both JNK and p38 can have such a direct effect on E2F activity (57) .
Our findings suggest that dexamethasone suppresses lung cancer cell proliferation through at least two signaling pathways that are dependent on the GR and involve effects on both the ERK/MAPK pathway and the cell cycle regulators. Our data strongly suggest a direct interaction between the ERK pathway and cell cycle regulators. Protein was extracted from whole cell lysates of the various cell lines; Western blot analysis was performed using antibody to the glucocorticoid receptor. The U2OS cells are derived from osteosarcoma, and lack glucocorticoid receptor. (B) Dexamethasone effects are blocked by RU486. A GR antagonist RU486 inhibited dexamethasone-induced suppression of ERK phosphorylation and activity, cyclin D1 expression, and CDK2 and 4 activities. The various assays were performed as described above. Cells were treated for 24 h with ethanol vehicle (control), dexamethasone (2 ϫ 10 -7 M), or dexamethasone (2 ϫ 10 -7 M) ϩ RU486 (2 ϫ 10 -6 M).
